Objectives: Pain sensitization could be a risk factor for poor outcomes after knee replacement surgery (KR) for knee osteoarthritis (KOA). We aimed to evaluate the association between pre-operative central and peripheral pain sensitization measured using a digital pressure algometer and KR outcomes. Methods: Consecutive patients with severe KOA listed for KR were recruited. Sociodemographic and symptoms data were collected prior to surgery. Pre-operative pressure pain thresholds (PPTs) were measured using a digital pressure algometer at the index knee and forearm. Patient satisfaction at 6 and 12 months after KR was assessed using a 4-point Likert scale, and dichotomized to satisfied and dissatisfied to KR. Western Ontario and McMaster Universities Index (WOMAC) Pain and function was assessed. The associations between pre-operative PPTs with KR outcomes at 6 and 12 months were evaluated. Results: Of the 243 patients recruited, response rate at 6 and 12 months were 95.5% and 96.7%. The dissatisfaction rates were 8.2% and 5.1% at 6 and 12 months. There was no statistically significant association between pre-operative index knee or forearm PPTs and patient satisfaction. PPTs measured at the knee, but not the forearm, were weakly associated with change in the WOMAC pain score at 12 months, after adjustment for confounding factors. Conclusion: Pre-operative central sensitization, measured by handheld digital algometry, was not statistically significantly associated with satisfaction or change in pain after KR. Pre-operative peripheral sensitization was associated with change in pain symptoms after KR; however, this association was weak and unlikely to be a meaningful predictor of KR outcome in clinical practice.
Introduction
Knee osteoarthritis (KOA) is one of the leading causes of disability worldwide, and knee replacement surgery (KR) is the only treatment that can effectively relieve pain and restore function for patients with severe KOA. The volume of KR has increased over the past decade 1, 2 , and the demand for primary KR has been projected to grow 2 . However, up to 20% of patients reported little or no improvement in pain after surgery 3 , which can have a significant negative impact on patients as well as the society 4 .
The reasons why some patients do not respond to KR are poorly understood, although the aetiology is likely to be multifactorial 5 . Traditional sociodemographic factors such as age, gender and body mass index (BMI) cannot fully explain the variation in response 6, 7 . Patients with KOA have central pain sensitization represented by lower pain thresholds 8e10 , that may potentially predict chronic pain after KR 11e14 . The concept of pain sensitization is characterized by pronounced changes in joint nociceptors and the nociceptive processing in the spinal cord, as well as the supraspinal cord levels such as the brainstem, thalamus and cerebral cortex that process emotion and fear 15 . These changes have been implicated as part of the pathogenesis of chronic pain in KOA 16 .
Pain sensitization is traditionally measured in a research context using quantitative sensory testing (QST). A number of different QST techniques are available but may have limited utility in a clinical setting due to expense, non-transportable equipment and a high technical level of skills required to administer and interpret the tests. Measurement of pressure pain thresholds (PPTs), using a digital algometer, is an inexpensive and simple method of QST, thereby increasing its potential for use in a clinical context. Preliminary studies on KOA patients have demonstrated the validity and reliability of PPT measurement 17 .
Although KR is primarily performed to relieve chronic pain, patient satisfaction is a key outcome to assess after elective procedures. Satisfaction is also one of the core domain set endorsed by the Outcome Measures in Rheumatology (OMERACT)-Total joint replacement working group, to be reported in every clinical trial 18 . Satisfaction is a multidimensional construct, stretching beyond pain relief and functional improvement to encompass many different factors related to a person's psychological status, experience and expectations 19 . However, patient satisfaction after KR is a less well studied concept compared to pain relief and functional improvement 20, 21 . Symptomatic relief and satisfaction may not be equivalent 22, 23 . Factors related to inadequate pain relief were reported to be different among patients with different levels of satisfaction 24 . Among those moderately dissatisfied, local sensitization and tenderness were associated with persistent pain; in the most dissatisfied, pain was associated with instability, stiffness and negative social support. This also suggests satisfaction is a separate domain from pain relief. Better understanding of psychosocial and neural factors that explain patient satisfaction could inform future work to design interventions to improve patients' experiences and satisfaction with elective KR surgery.
Pain sensitization represents a concept of distorted pain processing from peripheral to the cerebral level. People with anxiety 25 and depression 26 have altered sensitivity to different experimental painful stimulus compared to healthy controls. People with experimentally induced temporary optimistic state have lower pain ratings during a cold pressure task 27 . In addition, associations have been found between pain tolerance with social functioning 28 , bonding and attachment 29 , which were also correlated with variation in m-opioid receptor viability on function brain magnetic resonance imaging. Endogenous endorphin and the mopioid receptor system that are known for their roles in pain control are increasingly recognized to have pivotal roles in generating positive emotion, reducing stress reaction, and maintenance of cognitive functions. Therefore, we hypothesize that pain sensitization may have a direct or indirect impact upon both pain and satisfaction outcomes after KR. In this prospective cohort study, we aimed to evaluate the association between pre-operative pain sensitization measured by a digital pressure algometer, and patient satisfaction and change in pain after KR in an Asian population.
Methods

Patient and study design
From June to November 2015, 249 consecutive patients with severe KOA listed for KR were recruited at the Pre-admission Assessment Centre of Singapore General Hospital (SGH). Questionnaires and PPT assessments were completed 1e2 weeks prior to surgery. The study protocol was approved by the Singhealth Central Institution Review Board (CIRB Ref 2014/2010), and all patients provided informed, written consent before participation. This report adheres to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) recommendations 30 .
We excluded patients enlisted for KR for other diagnosis and revision surgery; and patients with cognitive impairment or dementia established by the short portable mental status questionnaire 31 . Sociodemographic variables, including age, gender, ethnicities, education level, occupation, and smoking habit were collected prior to surgery. All patient-reported outcomes were available in English and Simplified Chinese and were selfadministered by patients in either language of patients' choice. Comorbidities were collected using the Functional Comorbidity index 32 . Body weight and height were measured. The severity of KOA in the index knee on radiography was assessed by the KellgreneLawrence grading 33 . Index knee was defined as the knee listed for KR, and the dominant knee in case of bilateral KR. One trained researcher (ZXL) graded the radiographs and a second researcher (YYL) independently graded 30% of radiographs for interrater reliability. Both researchers were blinded to the clinical data of patients at the time of scoring. The intra-class correlation coefficient (ICC) of KL grading was 0.86 (95% confidence interval, CI: 0.76e0.91).
Pressure pain threshold assessment
Pre-operative PPTs of each patient was measured using a handheld digital algometer (Somedic AB, Sweden) on the day of recruitment. PPTs were measured at two body sites: the index knee and the right forearm. These body sites were chosen to provide evidence of peripheral sensitization (index knee) and central sensitization (forearm). Peripheral sensitization was assessed at the medial joint line of the index knee (PPT knee). Central sensitization was assessed at the mid-point between the wrist and elbow of the volar aspect of right forearm (PPT forearm). All recruited patients were pain-free in their right forearm at time of assessment. A standardized protocol was adopted with multiple video conferences with the original research team 17 . One trained designated staff (SQX) performed all PPT measurements to minimize measurement variability. A 1 cm 2 probe was held perpendicular to the skin and pressure was applied at a constant rate of 10 kPa/s. The patients were instructed to say "stop" at the very first sensation of pain, at which point the PPT reading was recorded. A total of three readings were taken at each site, with the average of the last two taken to increase reliability. The position of the algometer on the skin was altered very slightly between each reading to avoid sensitization of the test area.
Repeat PPT measurements were taken for 25 patients on the day of KR surgery (median 9 days from the first PPT measurements, range 2e16 days) for testeretest reliability evaluation. The ICC (95% CI) of PPT forearm and PPT knee were 0.80 (0.64e0.91) and 0.72 (0.48e0.86), respectively.
Knee symptom evaluation
Pain, stiffness and physical function of the knee were measured using the self-administered Western Ontario and McMaster Universities Index (WOMAC) 34 . A score for each subscale was calculated and transformed into a 0e100 scale; with a higher score indicate worst symptoms. Pain in the left and right knee was assessed separately using the WOMAC pain scale. Patients completed the WOMAC index prior to surgery and at 6 and 12 months after surgery.
Other pre-operative evaluations
Patients self-reported yes/no to having pain in nine body sites (neck, lower back, left and right shoulder/elbow or hand, the nonindex knee, left and right hip, left and right ankle or foot) and responses were summed to produce a count of the number of painful body sites. Symptoms of anxiety and depression were evaluated using the Hospital Anxiety and Depression Scale (HADS) 35 . Selfefficacy was assessed using the Pain Self-efficacy questionnaire 36 , which has been shown to predict functional outcomes after KR 37 . The 10-item Pain Self-efficacy questionnaire assesses how confidently patients can cope with their daily lives, despite the knee pain. Total scores ranged from 0 to 60, with a higher score indicate better self-efficacy. Patients' expectations of KR were evaluated by asking about expected pain after recovery from surgery (not at all painful through to very painful), and expected limitations in everyday activities after recovery from surgery (not limited at all through to greatly limited). The mean scores of the above ranged from 1 to 3.5, with a lower score indicating higher expectations 38 .
Outcome of KR surgery
The outcomes of KR were collected by administrating questionnaires over the telephone at 6 and 12 months after KR. One trained telephone interviewer, who identified herself as independent from the surgical team, collected all post-operative outcomes. She explained to participants that their responses would be stored anonymously and not directly fed back to the surgeons. To assess satisfaction, participants were asked "How would you rate your overall satisfaction with the surgery?" with responses on a 4-point Likert scale (very satisfied/somewhat satisfied/somewhat dissatisfied/very dissatisfied) 39, 40 . The aim was to assess satisfaction with the result of the intervention, rather than the process of care. Percentage changes in WOMAC pain scores were also calculated using WOMAC pain at 6 or 12 months minus baseline WOMAC pain, divided by baseline WOMAC pain. Lower (and negative) values indicated greater improvement in pain.
Patients' perspectives on their outcome were explored with two questions: "How do you rate the improvement in 1) pain and 2) functional ability of the knee that you had surgery? (no change or worsen/slightly better/a great deal better/completely resolved or restored).
Statistical analysis
Patient dissatisfied to KR were defined as those reported overall satisfaction as somewhat dissatisfied and very dissatisfied. We assumed the dissatisfaction rate to KR to be 10% based on previous data from our center 41 , and postulated an odd ratio (OR) of 3.5 for PPTs in predicting dissatisfaction after KR. This OR was a conservative estimate based on a study that reported an OR of 9 for pain threshold measured by an electric stimulator in predicting KR outcomes 11 . We assumed the multi-collinearity between the pain threshold measurement and other demographic variables to be moderate (a multiple R2 of 50%, or equivalently a Variance inflation Factor of 2), and the standard deviation (SD) of PPT measurement to be 86 units. Based on these assumptions and specifying the margin of error to be 1% of the postulated OR, the required sample size was 116 patients. We therefore initially aimed to recruit at least 180 patients to account for 30% loss to follow up. During our study, more data was published showing a smaller effect size than the initial data, and therefore we made the decision to recruit as many patients as possible within the planned recruitment period.
Analysis was performed using IBM SPSS statistic package, version 23. All variables were reported as means, standard deviations or median, interquartile range for parametric and nonparametric continuous measures; and as frequencies for categorical variables. Independent pre-operative variables were compared between patients who were satisfied/dissatisfied with KR at 6 months and 12 months after surgery using ManneWhitney U test for continuous variables and chi-square test for categorical variables. As most independent variables were not normally distributed, non-parametric test was used for consistency. Generalized linear regression models were used to estimate the associations of baseline variables with non-responders to KR and the percentage change in WOMAC pain at 6 and 12 months after surgery respectively. The percentage change of WOMAC pain at 6 and 12 months were reflected (maximum value plus one minus the percentage change) and then squared to achieve normality in the multivariable analyses. We assessed a minimally sufficient set of confounding variables using directed acyclic graphs (DAG) visual representations of possible causal assumptions (DAGitty v2.3) 42 that minimize bias for the total effect of PPT on change on WOMAC pain 43 . We repeated the regression models with adjustment of the minimal sufficient set based on the DAG analysis. Following standard practice, P values of <0.05 were taken as statistically significant.
We explored the associations of baseline variables with persistent pain after KR. Persistent pain post-KR was defined as patients answering "no change or worsen" or "slightly better" to "How do you rate the improvement in pain" at 6 and 12 months after KR.
Results
Of the 249 patients who were approached prior to surgery, 243 were eligible and consented to participate ( Fig. 1 ). Outcomes data were collected from 232 patients (95.5%) at 6 months and 235 patients (96.7%) at 12 months. Pre-operative characteristics of participants are provided in Table I . The mean age of participants was 66 years, 79% were female and 82% were Chinese. The high female: male ratio of participants in this study is consistent with data from numerous large Asian registries and cohorts 44e47 . The majority (95%) of patients underwent total knee replacement (TKR), with 5% of patients having a unicompartmental knee replacement (UKR). The majority of patients had moderate to severe KOA on radiographs, and moderate knee symptoms. There was no statistically significant difference between patients satisfied and dissatisfied to KR in terms of pre-operative characteristics except that dissatisfied patients had statistically significant worse WOMAC pain and function and more painful body sites.
At 6 and 12 months, 8.2% and 5.1% of patients were "very dissatisfied" or "somewhat dissatisfied" with the outcome of their KR. However, among those reported "satisfied", there was a sizable proportion of patients reported slight or no improvement in terms of pain (33.5%) and function (40.6%) at 6 months, with similar results at 12 months after KR (Table II) . Only a minority of patients reported complete resolution of pain (11.3%), and unrestricted functional ability (7.1%) at 6 months.
The distribution of baseline PPT forearm and knee as stratified by satisfaction and pain improvement at 6 months are shown in Fig. 2 , and the detailed scores for all time-points were summarized in Supplementary Table 1 .
In the univariable analysis, there was high correlation between PPT forearm and PPT knee (Spearman's Rho (r) ¼ 0.579, P < 0.001), but not for PPTs with baseline WOMAC pain (PPT forearm r ¼ À0.108, P ¼ 0.089; PPT knee r ¼ À0.104, P ¼ 0.100). In the multivariable analysis, the number of painful body sites, preoperative WOMAC pain scores and percentage change in WOMAC pain scores were associated with non-responders at 6 months (Table III) . Self-efficacy, pre-operative WOMAC pain scores and percentage change in WOMAC pain scores were associated with non-responders at 12 months. In a model without percentage change in WOMAC pain and function (as they may be mediators rather than true confounders), not enough empirical evidence was found to claim any association between PPT arm or knee with satisfaction (all P > 0.05).
In addition, we did not find any statistical evidence of association between PPT forearm and change in WOMAC outcomes. However, there was empirical evidence of association of PPT knee with percentage change in WOMAC pain at 6 months and 12 months, after adjustment for age, gender and BMI. After adjustment for all other variables including baseline WOMAC scores, PPT knee was statistically significantly associated with percentage change in WOMAC pain at 12 months (Table IV) .
We constructed empirical DAG ( Supplementary Fig. 1 ) that may explain possible causal effect of PPT on change of WOMAC pain, and a minimally sufficient adjustment set included the following variables: KL grading, anxiety, depression, expectation, number of painful body sites and pain. Repeated regression models with adjustment of the minimally sufficient adjustment set did not materially change the result (Supplementary Table 2 ). PPT knee was statistically significantly associated with change in WOMAC pain at 12 months, while no association was noted between PPT arm and change in pain.
We explored possible influence of radiographic severity of KOA with PPT knee but noted no statistically significant interaction between radiographic severity of KOA with PPT measured at both knee and forearm for change in WOMAC outcomes (data not shown).
In the exploratory multivariable analysis for persistent pain after KR, there were 39.7% and 27.9% of patients who did not have major pain improvement at 6 and 12 months after KR. There was no empirical evidence to claim any association between PPTs at both sites with persistent pain (Supplementary Table 3 ).
Discussion
The overall dissatisfaction rate to KR in this study was relatively low. The key driver for dissatisfaction was less improvement in WOMAC pain. There was statistically significant association between number of painful body sites and non-responder status, suggesting that the presence of widespread pain may have a negative impact on KR outcomes. However, there was not enough empirical evidence to claim association between PPT forearm, as a surrogate of pre-operative central sensitization, and satisfaction or pain outcomes after KR. PPT knee as a surrogate of peripheral sensitization was empirically found to be weakly associated with percentage change in WOMAC pain at 6 and 12 months after adjustment for confounding factors. The differences in baseline PPT forearm and knee for patients endorsing satisfied vs dissatisfied were not statistically significant and had overlapping confidence intervals. Our current study adds to the literature by reporting lack of statistically significant evidence of association between preoperative central sensitization, assessed using PPTs, and satisfaction or change in pain scores after KR, thereby implying that preoperative central sensitization may not bring meaningful utility in predicting TKR outcomes.
Strengths of this study include its relatively large sample size, high follow up rates, and the use of validated outcome measures. Pain sensitization was assessed through measuring pain thresholds, which have been shown to have good testeretest reliability 17 . To minimize variability of PPT measurement, one designated staff personnel was tasked to do the measurement and have achieved good testeretest reliability for the measurements. The unique strength of our study is that it is the first to evaluate the association between pre-operative pain sensitizations and satisfaction outcomes of KR, together with various psychosocial factors. Satisfaction to KR stretches beyond pain relief and functional improvement to encompass many different factors related to a person's experience and expectation before and after KR 19, 20 . It is also the first Asian study to evaluate whether pre-operative measures of pain sensitization are associated with the outcome of KR. Patients from different counties and different races have different expectations regarding KR 48, 49 . Our study sample is also representative of the local population undergoing KR with a similar gender mix, age range and ethnicity as reported by a KR clinical pathway database 41, 45 .
There are a number of limitations of our study that should be considered when interpreting the results. The overall aim was to investigate the association of PPT with satisfaction and change in pain outcomes, which cannot be interpreted as causative effect. The risk estimates for co-variates in the statistical model should not be interpreted as directly comparable. The interpretation of the empirical DAG and minimally sufficient set of confounders rely on the robustness of the empirical graph and cannot assess effect modification due to interactions or correlations between variables. There was minimal variability in the radiographic severity of OA among participants (41.9% KL grade 3 and 52.6 % KL grade 4) and therefore the findings of this exploratory analysis should be interpreted with caution. Although we collected data on a number of potential predictors of outcomes, other factors which may affect KR outcome, such as pain catastrophizing and fulfillment of expectations were not included in our analysis 50 . Nevertheless, we adjusted for key confounding factors such as age, gender, BMI, baseline WOMAC pain and various psychological factors. We did not control for analgesic use prior to PPT measurements, which may affect pain perception assessments. Also this study only evaluated a single static QST parameter, and further research is needed to build on preliminary research that suggests that dynamic QST parameters may be associated with outcome after KR 51 .
Some patients with KOA have been shown to have pain sensitization both at peripheral and central levels 8,9,52e54 , and this may be one of the underlying reasons for persistent pain after KR 11 . The measure of pain sensitization has been explored using various methods, such as pain at rest and QST. Of all the somatosensory changes in KOA, pressure hyperalgesia has been found to be the most prevalent 55 , and reliable 17 . Significant associations between PPTs and pain at baseline have been described in some studies 8, 53, 56 , but not all 57 , including ours. The limited number of studies that have examined the association between pre-operative PPTs and KR outcomes reported conflicting results regarding the use of PPT in predicting joint replacement outcomes 11, 51, 57, 58 . Preoperative pain sensitization that measured a low pain threshold to electrical stimulus was found to be statistically significantly associated with persistent pain after KR 11 . Another study showed that PPT measured at forearm predicts post KR movement pain but not pain on rest 58 . A post hoc analysis of patients recruited to two clinical trials have found that pre-operative PPTs were not predictive of the amount of pain relief that patients gain from joint replacement surgery 57 . However, subsequent subgroup analysis revealed that KOA patients with less severe radiographic damage and who had greater widespread hyperalgesia benefitted less from surgery 59 . This suggests that the effect of pain sensitization may affect joint replacement surgery outcomes, but may vary according to the severity of OA.
The finding of the current study has several clinical and methodological implications. For the clinical aspect, although central sensitization was not statistically significantly associated with changes in either satisfaction or pain symptoms outcomes after controlling for several sociodemographic and psychological factors, peripheral sensitization was empirically found to have weak association with the percentage change in WOMAC pain after surgery. Normalization of the pre-operative pain-processing abnormalities after surgery has been demonstrated in some studies 12, 54 , suggesting that these abnormalities may be maintained by peripheral nociceptive inputs. Of note is that although there was statistically significant association between PPT knee and change in pain outcomes, a P-value <0.05 does not necessarily imply clinical relevance 60 . Indeed, the distribution of baseline PPT forearm and knee between patients who reported diverging satisfaction and pain improvement outcomes had overlapping confidence intervals. Given the small differences in PPT between satisfaction groups, the development of a cut-off of PPT that predicts KR outcomes would be impossible. For the methodological aspect, the associations of PPT knee with satisfaction and change in pain symptoms were small compared to the OR of 9.0 that was reported in a previous study 11 . With this small effect size and the low dissatisfaction rate of 5e9%, the sample size in this study was under-powered to demonstrate a statistically significant association between PPTs and KR outcomes, despite a large sample size comparable to similar studies. Our findings, however, are consistent with a previous study 57 , providing further evidence that PPTs, measured using a handheld digital algometer, have little predictive value to preoperatively identify non-responders to KR, for both satisfaction and pain outcomes. A recent study in Denmark has explored various methods of measuring preoperative pain sensitization and KR outcome. The study found that central sensitization measured using a computer-controlled cuff algometer placed on the upper leg which assesses deep somatic tissue pain sensitivity, predicted postoperative pain relief after KR 51 . In the same study, widespread pain sensitization measured by cuff and handheld algometry derived different sensory profiles that had different predictive values for postoperative outcomes. Other pain sensitization mechanisms such as temporal summation of pain (facilitated pain responses to repeated painful stimulation) 8, 56 , and conditioned pain modulation (central inhibition of pain pathway) 54, 56 were found to be abnormal in KOA patients compared to healthy controls. These modalities may be useful QST tools for pre-operatively predicting KR outcomes. Mounting evidence have shown that central sensitization is present in some patients with KOA, however, further research is needed to identify the mechanism underlying chronic pain in KOA and better measurement modalities that may predict KR outcomes. Research incorporating multimodal sensory testing could provide further elucidation on the mechanisms contributing to chronic pain after KR.
Our study found that over one-third of the patients still reported little or no improvement in pain and function at 6 months after surgery. These figures remained similar at 12 months after surgery, by which time outcomes plateau and little further improvement in pain can be expected. Previous studies have found that some patients with residual symptoms report high satisfaction with their outcomes 22, 23 reflecting that satisfaction is a different or boarder concept than pain relief. The key factors reported to be associated with satisfaction include degree of improvement in pain and function, and patient expectations 20, 21 . Other important factors include depression and pain in other body parts 21 . Among patients with differing level of satisfaction, inadequate pain relief may be driven by different factors. In a recent study, peripheral sensitization was found to be associated with inadequate pain relief among patients with less dissatisfaction, but not among those most dissatisfied 24 . The factors related to inadequate pain relief may be different in patients with different levels of satisfaction. Reporting of satisfaction with KR outcomes can vary depending on the level of responses, the context, expectations of patients and the satisfaction domain being assessed 6 . For example, patients can be satisfied with pain relief, but not satisfied with their ability to perform leisure activities 61 . Our study observed that a high proportion of satisfied patients reported little improvement of pain and function, and the reasons for this warrants further investigation.
Conclusion
Pre-operative central sensitization measured by handheld digital algometry was found to be not statistically significantly associated with satisfaction or improvement in pain after KR. On the other hand, there was some statistical evidence of association between pre-operative peripheral sensitization and change in pain symptoms after KR; however, since this association was rather weak, it is unlikely to be a meaningful predictor of KR outcome to be used in clinical practice.
